Abstract. The impact of adefovir dipivoxil (ADV) treatment on the immune system in patients with chronic hepatitis B (CHB) is unknown. The present study was designed to determine the expression of six cytokines, IL-2, IFN-γ, TNF-α, IL-4, IL-6 and IL-10, and their correlation with liver functions and clinical responses to ADV treatment. A total of 22 CHB patients were treated with ADV at a daily oral dose of 10 mg. Six cytokines, as well as AST, ALT and HBV DNA levels in blood samples were quantified prior to and following the treatment. A total of 10 healthy volunteers were enrolled as the control group. The six cytokines in CHB patients were significantly lower than in healthy individuals, and were increased significantly following 4, 12 and 24 weeks of ADV treatment. Although ALT, AST and HBV DNA were reduced following treatment, no correlation was found between these six cytokines and liver function or HBV DNA levels. The levels of the six cytokines in the group of patients with a complete clinical response were significantly higher than those in the group with a partial clinical response. ADV treatment increases the immunity of Th1/Th2 cells in CHB patients, and the increases in cytokines partly reflect the efficacy of the antiviral treatment.
Introduction
Chronic hepatitis B (CHB) poses a major health problem, with more than 350 million individuals being infected worldwide (1), of whom 120 million are in China (2) . Without effective treatment, CHB may lead to cirrhosis, hepato cellular carcinoma and mortality. CHB is the result of a complex interaction between a replicating non-cytopathic virus and a down-regulated anti-viral immune response of the patient. Strong humoral and cellular immune responses are required for complete recovery from CHB (3) . Therefore, there is an increasing interest in investigating the host immune response to antiviral therapy in order to develop novel therapeutic approaches or to improve clinically available agents. In addition, careful analysis of the host immune response to therapeutics may lead to personalized therapy in CHB patients.
Adefovir dipivoxil (ADV) is an oral prodrug of adefovir, an analogue of adenosine monophosphate; its active intracellular metabolite, adefovir diphosphate, inhibits HBV DNA polymerase at levels much lower than those required to inhibit human DNA polymerases (1) . More importantly, ADV shows a favorable response in patients with lamivudine-resistant HBV infection (4) . ADV has been approved for the treatment of chronic HBV infection (5, 6) . It has been shown that ADV at a 10 mg oral daily dose reduces serum HBV DNA and alanine aminotransferase (ALT) levels and increases the rates of hepatitis B e-antigen (HBeAg) seroconversion, which has a favorable risk-benefit profile for long-term treatment (5) . Therefore, the dose regimen has been broadly used in the treatment of CHB patients, including in HBV-HIV-1-coinfected patients (7) .
Since HBV is a non-cytopathic virus, cell-mediated immunity (CMI) appears to be responsible for the viral clearance and the elimination of HBV-infected hepatocytes. T-cell responses are very weak in CHB patients (8) . There are two subclasses of T helper cells based on the pattern of cytokines they secrete (9), Th1 and Th2 cells, that have been found to regulate human immune systems through differentially producing cytokines. For instance, Th1 cells produce cytokines, including interleukin (IL)-2, interferon (IFN)-γ and tumor necrosis factor-α (TNF-α), that activate cytotoxic T lymphocytes to promote cell-mediated immunity and clearance of virus-infected cells; and therefore, a decreased level of these cytokines may facilitate the progression of chronic HBV infection (10, 11) . By contrast, Th2 cells produce different cytokines, including IL-4, IL-5, IL-6, IL-10 and IL-13. These cytokines contribute to the regulation of humoral immunity against extracellular pathogens, and thus have a significant role in viral persistence (12) (13) (14) . Different cytokines have various functions in regulating humoral and cellular immune responses. For example, IFN-γ preferentially inhibits the proliferation of Th2 cells, while IL-4 and IL-10 down-regulate the secretion of IL-12, which is the critical cytokine for Th1 differentiation (15) . IL-6 is a multifunctional cytokine largely responsible for the hepatic response to infections or systemic inflammation; its concentration in the serum is associated with chronic liver inflammation (16) .
There are an increasing number of studies exploring the expression profiles of Th1/Th2 cytokines in CHB patients (8, 17) . In those studies, the cytokine profiles of peripheral blood mononuclear cells associated with CHB were analyzed by RT-PCR, indicating that the production of IFN-γ by hepatitis B surface antigen (HBsAg)-reactive cells is associated with hepatocyte damage (8) . However, the impact of ADV treatment on Th1/Th2 cytokines in CHB patients remains unknown. The aim of this study was to explore the cytokine expression profiles of Th1/Th2 cells in the peripheral blood of CHB patients prior to and during ADV therapy. The cytokines analyzed were IL-2, IFN-γ, TNF-α, IL-4, IL-6 and IL-10. We also conducted the correlation analyses between cytokine levels and liver function, and viral load in these patients. It is hoped that our results would not only help optimize ADV therapy for CHB, but also facilitate antiviral drug discovery and development for CHB in general.
Materials and methods
Patients and healthy volunteers. A total of 22 CHB patients (17 male and 5 female) were enrolled into the clinical trial of ADV (GlaxoSmithKline, UK). The patients were diagnosed with CHB, but had neither cirrhosis nor were hepatitis B carriers, according to the Chinese Hepatitis B Prevention Guide, which was drafted by the Chinese Medical Association of Hepatology and Chinese Medical Association of Infection Disease and Parasites in 2005. These CHB patients were all positive for HBsAg and HBeAg, and had a serum HBV DNA level of at least 1,000 copies/ml and a serum ALT level of at least 1.3 times the upper limit of the normal range. All the patients were negative in a serum test for HIV and hepatitis C and D virus. The exclusion criteria also included a presence or history of hepatocellular carcinoma (HCC), decompensated liver disease or autoimmune hepatitis, and lamivudine or other antiviral therapies within 3 months prior to screening. In addition, 10 healthy volunteers (6 male and 4 female, 45.1±6.57 years of age) with HBeAg-negative and normal ALT (<40 U/l) were enrolled into this study as controls; all of them had not been treated with any agents with possible activity impacting immune function, such as glucocorticoids, within 3 months prior to screening.
Study design. The Institutional Review Board of the First
Hospital of Jilin University, China, reviewed and approved this study and informed consent was obtained from each of the 22 patients who received 10 mg of adefovir dipivoxil per day for 6 months or longer. The cytokines of Th1/Th2, HBV DNA level and biochemical markers of liver function [ALT and aspartate aminotransferase (AST)] were analyzed prior to and 4, 12 and 24 weeks following ADV therapy. Healthy volunteers did not receive any treatment and provided blood samples for analysis. ALT and AST were quantified by IFCC methods (18, 19) . Clinical data were collected, monitored and entered into a database by Quintiles.
Virology assessment. Serum HBsAg and anti-HBe antibody were determined by an enzyme-linked immunosorbent assay (ELISA), following the manufacturer's instruction (Roche, Shanghai, China). Anti-HDV and anti-HIV antibodies were screened with ELISA kits (Shenzhen PG Biotech, China). Serum HBV DNA was determined using a HBV real-time PCR detection kit (Shenzhen PG Biotech; detection limit 1x10 3 copies/ml) according to the manufacturer's instructions.
Immunocytochemistry. For quantification of cell surface IL-2, IFN-γ, TNF-α, IL-4, IL-6 and IL-10 on CD8(+) T-lymphocytes, blood samples were collected in sterile, heparin-filled blood collection tubes. Whole blood (350 µl) was diluted with an equal amount of Iscove's modified Dulbecco's medium (IMDM; Bao Biotechnology Co., Ltd., Shanghai, China), and then incubated with phorbol myristoyl acetate (PMA; Sigma, St. Louis, MO, USA), monensin (Sigma) and ionomycin (Sigma) for 4 h at 37˚C. Half of the cells collected were assayed with peridinin chlorophyll-protein (PerCP)-conjugated anti-CD3-antibodies (4 µl; Caltag, Burlingame, CA, USA) and fluorescein-isothiocyanate (FITC)-conjugated anti-CD8-antibodies (4 µl; Caltag), another half of the cells were assayed with PerCP-conjugated anti-CD3-antibodies (4 µl; Caltag) and R-phycoerythrin (PE)-conjugated anti-CD8-antibodies (4 µl; Caltag). The mixtures were incubated for 30 min at room temperature (RT; ~25˚C). The cells were further divided into six tubes, and subsequently fixed with 80 µl of Reagent A (fixative; Caltag) for 30 min at RT and washed with 3 ml of phosphate-buffered saline (PBS) by centrifugation at 300 x g for 5 min. After adding 80 µl of Reagent B (Caltag) to lyse erythrocytes, cells were incubated with 1.5 µl of one of the antibodies of anti-IL-6, IFN, IL-4, IL-10, TNF and IL-2, respectively, for 30 min at RT. All the cells were washed with 3 ml of PBS by centrifugation at 300 x g for 5 min, and then resuspended with 0.5 ml PBS for FACS analysis. All reactions following the addition of antibodies were conducted in the dark.
Flow cytometry. Fluorescence was analyzed with a 488-nm fluorescence activated sorter (FACSCalibur; BD Biosciences, Salt Lake City, UT, USA). T-lymphocytes were first gated using side scatter (SSC) and PerCP-CD3, and then Th1/ Th2 cells were determined as CD4-positive T-lymphocytes in CD8-negative cells, with 2,000 cells being counted. The cells positive for IL-6, IFN, IL-4, IL-10, TNF and IL-2 were analyzed with CELLQuest software.
Statistical analysis.
Where appropriate, the data are expressed as the means ± SD. Significance testing was performed using a paired t-test for the comparison of patients prior to and following treatment, and an unpaired t-test for the comparison of patients and healthy controls. P<0.05 was considered to indicate statistically significant differences. Correlation analyses were carried out with Graphpad Instat statistical software, and a correlation coefficient was considered to be statistically significant when P<0.05.
Results
Patient characteristics. There were 22 CHB patients and 10 healthy volunteers enrolled in this study. The mean age was 45.9±8.1 years for CHB patients, with an average length of HBV infection of 10.3±1.6 years, and 45.1±6.6 years in the healthy group; there was no significant difference between these two groups (P=0.77). Detailed characteristics of the 22 patients are shown in Table I .
Cytokine levels of recruited participants. The results of cytokine analyses of 22 CHB patients and 10 healthy volunteers are shown in Fig. 1 . The levels of IL-2, IFN-γ, TNF-α, IL-4, IL-6, IL-10 and AST in the serum samples of 22 patients were quantified prior to treatment and three times following initiation of ADV treatment. Prior to ADV treatment, the levels of the analyzed cytokines were significantly lower in CHB patients compared to healthy controls (P<0.001 for all cytokines). Following ADV treatment, the levels of IL-2, IFN-γ, TNF-α, IL-4, IL-6 and IL-10 increased significantly in a time-dependent manner, as monitored at weeks 4, 12 and 24 after treatment. These results indicate that ADV enhances the immune activity of Th1/Th2 in CHB patients.
Correlations between cytokine levels and liver functions in CHB patients. The correlation analyses between cytokine and AST levels were determined and the results are shown in Table II , indicating that the majority of the cytokine levels at various times following ADV treatment were not correlated with the AST levels of patients, and that only the expression of IL-2, IFN, TNF and IL-10 at 12 weeks following treatment showed negative correlations with the AST levels (Table II; P<0.05). There were no correlations between ALT and cytokine levels at any time points following the initiation of ADV treatment (Table III) .
Correlations between cytokine levels and HBV DNA levels in CHB patients. The correlations between cytokine levels and HBV DNA levels in the serum of CHB patients were also determined at various times following ADV treatment. As shown in Table IV , there were no correlations between the majority of cytokine and HBV DNA levels, with the exception of the TNF-α level at 24 weeks following ADV treatment, showing a positive correlation with HBV DNA levels. responses were analyzed and the results are shown in Table V . Following 12 weeks of ADV treatment, 14 patients showed complete clinical response and their cytokine levels increased significantly compared to the levels prior to treatment (P<0.05); 8 patients showed a partial clinical response, and IL-4 and IL-6 expression levels increased significantly (Table V; P<0.05). At 24 weeks following ADV treatment, the cytokine levels of 18 patients with a complete clinical response were significantly higher than those at 12 weeks post-ADV treatment (P<0.05), while only the IL-6 levels in 4 patients with a partial clinical response were significantly higher than those at 12 weeks post-ADV treatment (Table V; P<0.05). At 12 and 24 weeks following ADV treatment, the cytokine levels in patients with a complete clinical response were significantly higher than those in patients with a partial clinical response (Table V; P<0.05).
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Discussion
ADV has a broad-spectrum of antiviral activity, targeting herpesvirus, retroviruses and hepadnaviruses (7, 20) and potently inhibits the replication of wild-type HBV and lamivudine-resistant strains (3) . In this study, the serum HBV DNA levels in the majority (77.3%, 17/22) of CHB patients were decreased to the levels less than the detection limit following 24 weeks of ADV treatment, although certain patients, e.g., Patient 3, had no or little response to the ADV treatment, which may be associated with ADV resistance (21) . The ALT and AST levels were also reduced significantly following 24 weeks of ADV treatment. Our data were in agreement with the report Figure 1 . Levels of IL-2, IFN-γ, TNF-α, IL-4, IL-6 and IL-10 in 10 healthy subjects and 22 chronic hepatitis B (CHB) patients prior to and following ADV treatment. Table II . Correlation analyses between cytokines and AST pre-or post-ADV treatment.
Groups
Correlation coefficient with AST Table III . Correlation analyses between cytokines and ALT pre-or post-ADV treatment. of Marcellin et al (1) , which showed that ADV reduces serum HBV DNA and ALT levels. In the present study, expression levels of six cytokines were quantified by flow cytometry, a technique that is now routinely available in the majority of clinical laboratories worldwide (21, 22) . Prior to ADV treatment, the expression levels of the six cytokines analyzed in the CHB patients were significantly lower than those in healthy controls. However, there were no differences in the expression levels between Th1 and Th2 cells in our study, which was different from the findings of Milich (23) and Marinos et al (24) . The difference may be associated with the detection techniques for the cellular cytokines. Following ADV treatment, the expression levels of IL-2, IFN-γ, TNF-α, IL-4, IL-6 and IL-10 significantly increased at 4, 12 and 24 weeks, in a time-dependent fashion, indicating that ADV treatment greatly enhances the cellular immune function in CHB patients.
Groups Correlation coefficient with ALT
When we evaluated the correlation between the clinical response to ADV treatment and cytokine changes in the CHB patients, we found mixed results. The levels of HBV DNA, ALT and AST showed no correlation with the cytokines examined. Considering that the liver function assays reflect the state of liver cells and Th1/Th2 cells are only a part of the immune system of the patients, we speculate that there are significant differences in the patterns of virus clearance and pathological changes of liver cells in CHB patients (25) . Following 12 weeks of ADV treatment, the majority of patients (14/22, 63.6%) had a complete clinical response, and the expression levels of the six cytokines were significantly enhanced compared to those prior to treatment. Following 24 weeks of ADV treatment, the levels of the six cytokines in the 18 complete clinical response patients were further elevated compared to those following 12 weeks of treatment. The remaining 4 patients with a partial response may be associated with ADV resistance as mentioned above.
In conclusion, our results show that ADV treatment in CHB patients affects the expression of IL-2, IFN-γ, TNF-α, IL-4, IL-6 and IL-10 and improves the immunity of T-helper cells. Since anti-virus immune response is a significant method of virus clearance in the body, our findings provide a new mechanism of action for ADV therapy. Further studies are required to understand the implication of the results in clinical patient care, as well as the impact of ADV treatment on other immune cells in CHB patients. Table IV . Correlation analyses between cytokines and HBV DNA levels in patients pre-or post-ADV treatment. 
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